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By John Stack 
INTRODUCTION 



Compressi"ble-f lov7 research, v/hile a relatively new 
field in aeronautics, is Yery old, dating back almost to 
the development of the first firearm. Over the last hun- 
dred years, reasearches have "been conducted m the "ballis- 
tics field, but these results have been of practically no 
use in aeronautical engineering because the phenomena that 
have been studied have been the more or less steady super- 
sonic condition of flov/. Some work that has been done in 
connection with steam turbines, pa,r t icularly nozzle 
studies, has been of valuoo In general, however, under- 
standing of compressible-flow phenomena has been very in- 
complete and permitted no real basis for the solution of 
aeronautical engineering problems in which the flow is 
lil<;ely to be unsteady because regions of both subsonic and 
supersonic speeds may occur. 

In the early phases of the development of the air- . . 
plane, speeds v/ere so low' that the effects of compressi- 
bility could be Justifiably ignored. During the last v/ar 
and immediately after, hov/ever, propellers exhibited losses 
in efficiency as the tip speeds approached the speed of 
sound, and the first experiments of an aeronautical nature 
v/ere therefore conducted v/ith propellers.. Results of 
these experiments indicated serious losses of efficiency, 
but aeronautical engineers v/ere not seriously concerned. at 
the time because it was generally possible to- design pro- 
pellers with quite low tip speeds. With the development . 
of nev/ engines having increased pov/er and rotational speeds, 
however, the problem became of increasing importance^ 

The earliest experiments with airfoils were conducted 
at McCook Field. The results were reported in reference 1. 
These early tests of airfoils did not disclose the really 
difficult nature of compressibility phenomena because the 
highest speeds at v/hich the tests were conducted were too 
low (approximately 600 fps). A short time later the NACA, 
foreseeing the trend toward higher engine speeds and appre- 
ciating the difficulties that might be expected with pro-- 
pellers for these engines, sponsored nev/ experiments under 
the direction of Dr. L, J. Briggs and Dr. H. L. Dryden of 
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the National Bureau of Standards. This work (references 
2, 3, and 4) led to several important conclusions and 
clarified somewhat our ideas of the manner in v/hich forces 
change as the result of compressibility effects. All this 
work suffered somewhat because of a lack of proper equip- 
ment, which could not at that time "be made available partly 
because sufficient knowledge to determine the proper equip- 
ment was not available. 

In the latter part of 1927, at the instigation of 
Dr. G. V/, Lev/is, research in high-velocity air flow v/as 
started at this laboratory. The first experiments v^ere 
conducted with a small model tunnel from v/hich v/as devel- 
oped the 11-inch high-speed wind tunnel, the first really 
important compressibility-research instrument from an 
aeronautical standpoint. A few years later, the 24-inch 
and then the 8-foot high-speed v/ind tunnels ^^rere developed. 
The general nature of all this apparatus is quite well 
known and it need not be detailed here. Descriptions may 
be found in references 5, 6, and 7. 

Recently the li— inch high-speed wind tunnel v/as re- 
placed by a new rectangular-type tunnel approximately 18 
by 4 inches. A general viev/ of the tunnel is given in 
figure 1. This tunnel is ideally suited to work of a 
fundamental character. The actuating jet and auxiliary 
equipment is for the most part the same as, or similar to, 
that previously used. . 

The first aerodynamic investigations conducted at 
this laboratory on compre ss ible-f lov/ problems were high- 
tip-speed propeller tests. These tests were made in the 
propeller-research tunnel at low forward speed (lOO mph) 
and high rotational speeds. The results established the 
t ip-speed limitation of 0.9 the speed of sound, a value 
that has been . commonly used in design since that time.. 
Shortly after this investigation, a program of Clark-Y 
and SAF^6-type blade sections at high speed was concluded 
in the then new 11-inch high-speed wind tunnel. These 
resi.ults were correlated with the propeller tests and, 
v/hile a discrepancy was noted as regards the speed at 
which the propeller efficiency loss due to compressibility 
effects occurred, it v/as found that the general form of 
the propeller efficiency loss was closely related to the 
changes found in airfoil characteristics at high speeds. 

Research with airfoils was continued principally 
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with a viev; to developing improved airfoils for propeller 
operation, the propeller "being at that time the only part 
of the airplane that was a compressibility prohlem. A 
fair measure of success was immediately achieved with the 
development of the class of airfoil having the maximum 
thickness at 40 percent of the chord (reference 8), It 
became apparent, however, that detailed knowledge of the 
flov; phenomena v/as required to permit the immediate de- 
velopment of optimum airfoil shapes. 

fundamental investigations were therefore undertaken 
with marked success in "both the 11-inch and the 24-inch 
high-speed v;ind tunnels. The results obtained from these 
fundamental investigations permitted the rapid development 
in the last few years of aerodynamic forms more suita.ble 
for high speeds. 

FUNDAMENTAL CONSIDERATIONS 



The significance of the speed of sound in aeronautical 
engineering problems is more readily understood when one 
appreciates that it is the rate of pressure propagation. 
General methods employed in aeronautical engineering are 
based on theories of fluid flow for incompressible fluids 
or, in other words, for fluids which have an infinite rate 
of pressure propagation. Hence, in the application of 
this theory to any problems, the assumption that the speeds 
' are small in relation to the rate of pressure propagation 

is made automatically. For fluids such as air, v7hich have 
a fairly low speed of sound (normal rate of pressure propa- 
gation), the theory can be expected to apply only when the 
velocities are quite low. Failure of the theory to de- 
scribe the actual flow can be expected as speeds increase 
and, finally, when the speed of sound is approached, a 
radically different type of flow should be expected. 

From an engineering standpoint it is important to 
knov/ at first how great are the energy losses in a nev; 
type of flov/ v/hich may be established. Unfortunately, it 
has been shown that the type of flow which occurs as air 
o speeds -approach the speed of sound causes very great en- 

ergy losses. The new type of flow is, of course, compli- 
cated, and it cannot in any sense be concluded that suffi- 
cient detailed knov/ledge of this type of flow has been ob- 
tained to eliminate restriction in design work. Neverthe- 
less, experiments made at this laboratory over the last 6 
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years have illustrated many of the principal difficulties 
and have shown, as well, methods for overcoming the com- 
pressihility losses in the speed range of importance in 
the present emergency. 

Early photographs (reference 9) illustrate that com- 
pression shock forms in flov/s as they approach the speed 
of sound. These compression shocks cause such large en- 
ergy losses that normal flight is rendered imprac t icahle , 
and it is therefore necessary in designing to avoid these 
losses. Photographs of the flow for a typical airfoil 
taken in the nev/ rectangular high-speed tunnel are shov/n 
in figures 2 to 5. These photographs illustrate the same 
sort of phenomena as our early photographs so fa.r as the 
e s tahli shment of compression-shock phenomena is concerned, 
but they shov/, in addition, considerable v/ake detail. 
Technically, the significance of the nev; pictures is very 
great, in that changes shown in the v;ake aid in explaining 
some of the phenomena that had been observed^ from total 
pressure loss measurements, which up to nov; had not been 
very clear. 

The phenomenon has been named the compressibility 
burble and is described in some detail in references 9 
and 10. In addition to the breakdown of flow v/hich occurs 
at high speed, there are important flov; changes that occur 
progressively as the speed is increased. 

Starting at very low speeds, there occurs a close 
representation of the potential flow of the theory. V/ith 
increase of speed the lift, drag, and moment coefficients 
increase numerically until finally a critical speed is 
reached at which a new type of flow involving compression 
shock occurs. . V/hen the critical speed is reached, the 
lift drops and the drag rises abruptly. Concurrently v/ith 
the changes in the force and moment coefficients the pres- 
sures acting on the airfoil also increase in magnitude. • 

Theoretical analyses by G-lauert and Ackeret have 
shov/n that the lift, moment, and pressure coefficients 
given by the incorapress ible-f lov; theory are increased by 

the factor , v/here M is the ratio of the 

translational speed of the body to the speed of sound. This 
result was derived by assuming that the speed of sound 
through the whole flov; v/as the same as that for the un- 
disturbed stream. It can be shown that this is equiva- 
lent to assuming that induced velocities are zero so, far 
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as they may influence the effects of compressibility for 
the flow for the v/hole airfoil or body. Thus, while the 
factor, from an engineering standpoint, is reasonably ac- 
curate, it can, in the simplest case, be expected to un- 
derestimate the effect of compressibility by an amount 
that increases with the induced velocities. S'or a thin 
airfoil the theoretical factor is reasonably accurate, 
but it tends to be of decreasing accuracy as thickness 
ratio or lift coefficient increases. 

A further consequence of the increase in local pres- 
sures indicated by the theory is the steepening of pres- 
sure gradients with increasing Mach number. Thus, if the 

} ^ 

local pressures are increased in the ratio l/vl- M , 
the increment in pressure at points where high negative 
pressures occur is greater tha.n the increments in pressure 
at points on the body v/here the local pressure is near 
stream velocity. Hence, pressure gradients become greater 
with increase in Mach number. Actually, such steepening 
of pressure gradients has been found and, in most instances, 
the gradient is much steeper than the theory v/ould indicate. 
This is, of course, a consequence of the efxective neglect 
of the induced velocities. As pointed out earlier, the 
theoretical variation of the peak pressure v/ith Mach num- 
ber underestimates the effect of compressibility by amounts 
that increase with the induced velocity. Thus, the under- 
estimation . is greatest v/here the induced velocity is 
greatest. For blu-ff bodies or even c onven t iona.l airfoils 
very large increases in the pressure gradients have been 
found. 

In summary, of the basic theory, then, it is found that 
the lift, moment, and pressure coefficients and the presT 
sure gradients are increased by important amounts. The • 
theory is substantiated by experiments , and the experimen- 
tal results plus basic consideration of the theoretical 
assumptions shov/..that the theoretical variation 

1 jj 1 - ; underes timat es the effects of compressibility 
by an amount that increases v/ith the induced velocity. 

The theory, being a potential flov/ theory, neglects 
the effects of viscosity and thus gives zero drag regard- 
less of the Mach number. It is not to be inferred, 'hov/ever, 
that important drag changes are absent. Basically, the 
drag is determined by the skin friction and by v/hat is 
sometimes called "pressure" drag v/hich arises as a result 
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of flow separation. The skin friction drag is determined, 
of course, by the local velocities Just outside the bound- 
ary layer and the location of the transition point. It 
has been shown that the pressures acting on a body, and 
so the local velocities, are increased as the Mach number 
'is increased. Consequently the skin friction drag is in- 
creased, even if there are no changes in the character of 
the boundary layer or the transition-point location. 

Effects of compressibility on the transition-point 
location are not clear at present and considerable further 
basic research is necessary, but it is probably fair to 
assume in the light of present information that the transi- 
tion-point location at high Reynolds numbers v;ill not be 
greatly affected, provided the location of the peak nega- 
tive pressure remains fixed. In interpreting model re- 
sults from wind-tunnel tests at low Reynolds number and 
particularly in nonturbulent tunnels v/here transition may 
occur in a region of adverse pressure gradient, some for- 
v/ard movem.ent of the transition point may be expected v/ith 
increasing Mach number because of the tendency of compres- 
sibility effects to steepen the adverse gradient. 

For bodies having some pressure drag, the steepening 
of the adverse pressure gradient as a result of compres- 
sibility effects brings about still earlier separation as 
the Mach number is increased and so very large drag in- 
creases 8.t speeds v/ell belov; the critical. In many in- 
stances forms having, for all practical purposes, no pres- 
sure drag at low speeds, and hence no flow separation, has 
shown pronounced separation at high speeds* This effect 
is evidenced by the shape of the drag curve plotted against 
Mach number. . Thin, ef f ici ent airfoils, for example , usually 
show only a very slight variation v;ith Mach number until 
the critical speed is reached, v/hen the drag rises abruptly. 
V/ith" increase in thickness ratio, however, the same basic 
form may shov/ a considerable increase in drag v/ith Mach 
number in the subcritical speed range. An example is 
shown in figure 6 for two 16-series airfoils. The data 
are- presented as drag coefficients plotted against the 
rati,o of the Mach number to the critical Mach number for 
each of the two airfoils. Shown in this manner, the drag 
curves for the two airfoils would be essentially parallel 
if adverse gradients did not influence the drag coeffi- 
cient. Actually the curves are verj^ nearly parallel for 
speeds up to approximately 60 percent of the critical Mach 
number, but at higher ^- speeds the difference in drag for 
the tv/o airfoils increases. At low speeds the essential 
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difference in the flow for the two airfoils is in the 
slightly higher peak negative pressure and the slightly 
higher adverse gradient for the thicker airfoil. V/ith 
increase of speed the peak negative pressure for "both 
airfoils is increased in very nearly the same amount, and 
the location of the peak negative pressure remains un- 
changed. It v/ould he expected, therefore, that the in- 
crements in skin friction drag i^rould remain the same and 
thus should not disturh the parallelism of the two curves. 
The adverse gradient for the thicker airfoil is, hov/ever, 
greater than for the thinner airfoil, and hence the ten- 
dency toward separation effects is greater for the thicker 
airfoil. As the Mach numher increases, fundamental con- 
siderations have shov/n that the adverse gradient steepens 
*and the thicker airfoil, having the grsater initial ad- 
verse gradient, is likely to shov; drag increases at lower 
speeds than the thin airfoil. The problem is by no means 
clearly understood, hut numerous similar examples have 
heen found. The effect seems more pronounced v/ith conven- 
tional airfoils and with thick airfoils. Even if the 
present incomplete state of our knov^ledge of the problem 
is considered, the generally conservative procedure indi- 
cated is to adopt the thinnest sections having the highest 
critical speeds consistent with other requirements of the 
wing. 

The danger of flow separation is, 6f course, greatest 
for those forms or attitudes of forms which have large ad- 
verse gradients. An example of considerable importance is 
shovm by the maximum lift data of figure ?<» These data, 
taken from tests of an NACA 0012 in the NAGA 1-9-foot pres- 
sure tunnel, shov; the usua^l variation in maximum lift coef- 
ficient v/ith Reynolds number to speeds somewhat above 100 
miles. per hour; beyond this speed the maximum lift coeffi- 
cient decreases and the decrease- is due to the failure of 
the flov/ to overcome the steeper adverse gradients that 
occur v/ith increasing Mach number. In substantiation of^ 
this conception there is shown a second curve from identi- 
• cal tests of the same model in the pressure tunnel, but at 
2'^ atmospheres pressure . Thus, at two different Reynolds 
numbers it is noted that the maximum lift coefficient 
decreases at exactly the same Mach number. This result 
is not of academic interest only, but may be of consider- 
able importance . in wind-tunnel-testing techniques for 
maximum-lift-coefficient investigations of airfoils. 
.Speeds less than 100 miles per hour are indicated unless 
the, trend to extreme vring . loadings is continued, in which 
event tests at the. correct Mach number may ie required, 
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and higher Rej^nolds numbers must be obtained with larger 
models in larger v/ind tunnels or by tests under increased 
pressure. These results are also of importance in rela- 
tion to the comparison of sections suitable for propellers 
where the take-off and climb are important. The blade- 
section speeds are generally high, and selection of sections 
shov/ing high maximum lift coefficients at lov/ speeds may 
be very misleading, particularly with conventional sections 
for which the high maximum lift coefficients are obtained 
by very high loading over the leading-edge region. 

PREDICTION OP THE CRITICAL SPEED 



Phenomena in the supercritical speed range where com- 
pression shock occurs are very complicated and quite in- 
teresting. Jrora a practical aeronautical engineering view- 
point these phenomena are not yet of great importance be- 
cause it is now generally practicable to design shapes hav- 
ing sufficiently high critical speeds. It is important 
from the aeronautical viev;point, however, to know the 
critical speed so that shapes having sufficiently high 
critical speeds can be selected to eliminate serious limi- 
tation of the airplane performance. 

Experiments have shov/n and fundamental consideration 
, indicates that compression shocks form when the local speed 
of sound is attained in any part of the general flow field. 
Some instances have been found in v;hich speeds slightly 
greater than the local speed of sound have been attained 
without the presence of compression shock, but, these cases 
have been few and the amount the local speed o.f sound has 
been exceeded has been only a very small percentage. Por 
engineer ing. appl icati ons , therefore, the critical speed 
has been defined as the translation velocity at which the 
sum of the translat ional veloc ity . and the maximum induced 
velocity equals the local speed of sound. It can be cal- 
culated from either theoretical incompressible flow-pressure 
distribution or from measured low-speed pressures and the 

compressibility modification factor I/a/i - M^, The methods 
for the prediction of the critical speed have been discussed 
in detail in references 9 and 10. Reference 11 treats 
many particular examples in detail including interference 
effects and is, for engineering problems, extremely useful 
and important. It is important, hov/ever, in engineering 
applications to appreciate the limitations. 
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It has "been pointed out that the theoretical factor 

of I/V^l - underestimates the effect of coinpressi*bil- 

ity; hence calculations of the critical speed "based on 
this factor tend to overestimate the critical speed. Re- 
cently Von Karman has derived a nev/ relation which appears 
to permit a "better appr oximat iono With either the simple 
theory or Von Karman * s relation it is important to realize, 
hoi^rever, that the estimations decrease in accuracy as the 
flov/ departs from the simple potential flow. AlDnormal 
houndary-layer changes that can influence the external 
flow may cause large discrepancies in the determination 
of the critical speed, considering the critical speed as 
the speed at v;hich compression shocks are e s tahl ished. 
Any separation phenomena that may occur tend to lower the 
peak pressures and so raise the speed at vrhich compression 
shocks may occur. Likewise, any hodies that have -steep 
adverse pressure* gradients at lov/ speeds may separate at 
higher speeds because of further steepening of the adverse 
gradient. Such separation effects result, of course, in 
increased drag "but also raise the speed at which compres- 
sion shock is formed. An interesting example is the vari- 
ation of the drag and the critical speed of cylinders 
shovni in figure 8. The drag curves of the small-diameter 
cylinders at lov; Reynolds numbers show apparently the same 
critical speeds as the drag curves for the large cylinders 
at higher Reynolds numbers. This is apparently a paradox- 
ical result because the ma^ximum negative pressures for the 
cylinder at the lov; Reynolds number are very much less 
than the maximum negative pressures for the cylinders at 
the high fleynolds numbers, and large differences in critical 
speed should be expected. A few experiments in the nev/, 
rectangular high-speed vrind tunnel during trial runs to 
check tunnel operation and the schlieren a.pparatus have 
given the explanation. For the small cylinder of low 
Reynolds number the compression shock actually does not 
occur until Mach numbers of the order of 0.55 are reached. 
The rise in drag in the Mach number region from 0.4 to 0.65 
is due, as shown by flow observation in the nev; rectangular 
high-speed v/ind tunnel, to a forward movement of the sepa- 
ration point v;ith increased Mach number. Admittedly the 
cylinders are an extreme case, but they illustrate in 
somewhat magnified form some of the effects that may be 
expected in lesser degree v/ith better ©.erodyna^mic bodies. 
Such severe effects are not ordinarily found except for 
quite thick airfoil forms or bad wing-body junctures. 
Research with airfoils (reference 9) has led to the general 
conclusion that the critical speed can be quite accurately 
determined for bodies that are not susceptible to radical 
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flov/ cliaiiges-a For most good aerodynamic "bodies and, it is 
perhaps true to add that for the only shapes that can "be 
used on high-speed aircraft, the critical speed can he 
quite accurately predicted, A curve hased on Von Karman's 
nev^ relation rather than the older Olauer t-Acker et approx- 
imation to enahle the prediction of the critical speed is 
given in figure 9, For the purpose of comparison figure 
10 illustrates the accuracy of the tVo relations as com- 
pared to experimental results. 

THE PHESEKT STATUS 

A irfoils . - The hulk of the development of new forms 
has "been done mainly with airfoils, and the results of 
this work have "been applied to other forms, such as cov;ls 
and lusela^ges. Figure 11 illustrates the present status 
so far as airfoil forms are concerned* Critical speeds 
are shown in miles per hour at 25,000 feet plotted against 
thickness ratio. The lower two curves shov^ the critical 
speeds for airfoils of the 230 series, and the newer 16-- 
series airfoils (which have heen designed to have minimum 
induced vel o c i t i e s ), f or a lift coefficient of 0.2, ap- 
proximately the design high-speed lift coefficient for 
airplanes with normal v/ing loadings. The upper curve 
shov/s the variation in critical speed for a 16-type air- 
foil at zero lift coefficient'. The root-thickness range 
marked on the chart from 12 to 16 percent illustrates the 
range of minimum root-thickness ratio, which seems cur- 
rently practicalhe for most classes of airplanes. V.-ith 
the 230 series of airfoil, critical speeds of the order 
of 450 miles per hour are indicated at 25,000 feet; v;ith 
the 1.6'^- series ,. crit ical speeds of the order of 500 miles 
per ho.ur are indicated. It is apparent that important 
changes in v/ing design are in order almost immediately. 

It. is not to "be assumed, on the "basis of results 
shov/n on this chart, that it is practical to design up 
to the critical speed of the v/ing section. Aerodynamic 
interference effects may lov/er the critical speed, and 
increased skin friction or separation effects, hrought 
on by the subcritical compressibility phenomena, may 
bring about large increase in drag. 

. Figure 12 illustrates the general effect of compres- 
sibility for an NACA 0012 airfoil, for v/hich .important 
separation phenomena are not found. The variation of 
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d-rag v/ith Reynolds number, as illustrated from low-speed 
tests, departs considerably from the variation shovrn by 
results in the same Reynolds number range but at higher 
speeds. The amount of the depa^rture increases with in- 
creasing Mach number xintil finally the critical speed is 
reached, v/hen the drag rises precipitously. Differences 
in drag below the critical speed may be as great as 15 
percent, depending upon the speed. For this particular 
example, drag increases due to compressibility appear to 
start at Mach numbers of the order of 0.31, or approxi- 
mately 30 percent of the airfoil critical Mach number. 

In the selection of a wing, therefore, it is impor- 
tant to select a form which gives reasonable clearance 
on critical speed. V/hen wings of large thickness are 
considered, the variation just discussed may be much 
greater because some separation may occur as a result of 
the increasing adverse gradient. For practically all 
military applications, except trainers and certain types 
of ground-cooperation airplanes, airfoils v/ith very low 
peak pressures and high critical speeds are indicated. 

■aerodynamic interference .- It has been shown in ref- 
erence 11 that if tv/o bodies are operating together, such 
as a v/ing and a fuselage, the critical speed of the com- 
bination may be lower than the critical speed of either 
body operating alone. Actually, the condition is such 
that the body having the lov/er critical speed is operat- 
ing in the superstream velocity field of the adjacent 
body. The critical speed of the combination then, to a 
first approximation, is less than the critical speed of 
the body having the lower value by an amount equivalent 
to the superstream velocity of the adjacent body at the 
critical Mach number of the combination. With some con- 
ventional arrangements decreases of critical speed at the 
wing root of the order of 8 percent can be' expected. 

It has-been found possible and jjractlcal, however, 
to eliminate the adverse interference effect on critical 
speeds by reshaping the fuselage in the region of the 
juncture.. The wing root chord can be increased and , if 
the basic shape and the absolute thickness in inches are 
not changed, the r po t- thickne s s ratio is reduced and so 
the critical speed at the juncture is increased. 

Another and perhaps , a better, method is to reshape the 
fuselage so that the fuselage . superstream velocities in 
the region of the wing are reduced. An indication of the 
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practicability of this means of eliminating adverse inter- 
ference effects is given in reference 15» from which the 
drag data for two different bodies tested on -the same wing 
presented in figure 13 are taken. At the time these tests 
were made, it was, unfortunately, impossible to extend the 
tests to higher speeds, but the difference in shape of the 
drag curves for the tv/o combinations indicates that nose 1 
body 1 has the earlier adverse compressibility effects 
and so the lower critical speed. The likely cause for the 
higher critical speed of nose 2 body 2 is that lower fu- 
selage superstream velocities exist in the region of the 
wing as a consequence of the long, parallel center body. 
Other tests made recently at lov/er speeds in the pressure 
tunnel following the lead indicated in figure 13 resulted 
iii^the development of a wing-root juncture at which the 
mea'sured pressures were the same as for the wing alone. 
Thus, the induced velocities for the fuselage in the region 
of the v/ing were reduced to zero and adverse interference 
effect on critical speed was eliminated. The new fiiselage 
shape had its maximum width slightly ahead of the wing, 
and the width decreased slightly between the v/ing leading 
and trailing edges. Though insufficient daoa are avail- 
able at present to permit .the establishment of a general- 
ized form suitable for all applications, it does appear 
feasible to eliminate adverse interference effect for the 
usual applications. 

Cowlings . - The first forms of NACA cowlings were de- 
veloped many years ago and at a time when, except for the 
propeller, compressibility effects were relatively unim- 
portant. The development program v/as conducted in low- 
speed wind tunnels, and the general lack of knowledge of 
compressibility phenomena precluded the possibility of 
interpreting or extrapolating the low-speed data for ap- 
plications in the high-speed ranges now contemplated. It 
is not surprising, therefore, that cov/lforms having low 
critical speeds resulted. Further, some modifications of 
the original NACA cowl forms introduced by designers led 
to the use of forms having very low critical speeds. 

oome cowling forms in use a few years ago had criti- 
cal speeds as low as SOO miles per hour at 25,000 feet. 
A brief summary of cowl development is shown in figure 14. 
NAOA cowling C (reference 12) represents the result of 
the first research directed toward developing cowls having 
higher critical speeds. At 25,000 feet cowl C has a crit- 
ical speed of 432 miles per hour ^ This form of cowl is 
in use on most of our , present-day airplanes. Some modifi- 
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cations of this cov/l have l^een introduced, hov/ever, and 
from the standiooint of c ompr es s i"b il i ty phenomena these 
modifications have "been uniformly had. It is important 
to realize that these cov/ling forms cannot he extensively 
changed vjithout developing high peak pressures, with the 
consequent tendency to flow separation and low critical 
speeds. Strict adherence to the hasic forms becomes of 
vital importance with increasing speeds and cannot he 
overemphasized. 

Secent development of cov/1 forms (reference 13) has 
led to a nev/ type, the NACA high-speed cov;l. The criti- 
cal speed, as shown in figure 14, is 593 miles per hour 
at 25,000 feet. From the compre'ssihility standpoint the 
cowling prohlem is well solved by this cov/1, at least for 
the present emergency. 

The development of the newer cowl forms for very 
high speeds is treated very thoroughly in reference 13. 
These forms, in addition to their high critical speed, 
have been developed to take in air v/ithout any detrimental 
effect on the external flov; and, in fact, som.e applica- 
tions of the nev; nose forms have shown a beneficial effect 
on the external flov/. 

' Utilization of waste heat .- Ordinarily not considered 
a compressibility effect, but nevertheless a phenomenon 
definitely as-sociated with the attainment of high speeds, 
is the possible gain through the ut ilit ization of waste 
heat. vfhen speeds are sufficiently high, the ratio of the 
stop pressure of the air to the static pressure yields 
compression ratios sufficiently high that the addition of 
heat in the region of high pressure causes an increase in 
the kinetic energy. of the air when discharged. The theo- 
retical basis is discussed by Meredith in reference 14, 
and the phenomenon has become knov/n as the Meredith ef- 
fect • 

Experiments have been recently completed in the .8- 
foot high-speed wind tunnel to investigate the practical 
possibilities. These results are currently being analyzed. 
Some of the data are shown in figure 15. The possible 
gains are plotted against the compression ratio, \^hich is, 
of course, a function of the speed. Measurements of the 
recovery possible v/ere made by force tests of the complete 
model and also by wake measurements. The results from 
both methods are in agreement and check the theory as v/ell« 
The numerous points represent values for several heat 
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quantities* If a 2000-hor sepov/er engine is assumed, the 
scale values of the heat input ranged from less than that 
of the cooling-air heat alone to tv/ice the engine power. 
At high speeds, which correspond to high compression 
ratios, important gains are definitely practicable and 
can "be realized if the cooling system embodies good de- 
sign. The efficiency is shown clearly to he a function 
of the pressure ratio. V/ith poor installations having 
high pressure drop, the compression ratio is reduced and 
so, in addition to the cooling pov/er loss, the gain from 
waste heat is reduced. 

Figure 16 has been prepared to illustrate the magni- 
tude of the gains possible. The pov/er recovered from 
the cooling air only has been considered. A pressure 
drop of 7 inches of water, a propeller efficiency of 80 
percent, and heat rejection to the cooling air of one- 
half the brake horsepov/er has been assumed. At 500 miles 
per hour and 25,000 feet, the gain possible is approxi- 
mately 6 percent of the brake thrust power. Further gain 
is, of course, possible through ut il i zat ion of the exhaust 
gases, either as added heat at the high-pr e sur e region 
or in ejector stacks. Since the heat in the exhaust gases 
is approximately twice that of the engine cooling air, the 
gains from this soiu^ce v/ould be proportionately increased. 

ProTpeller s . - The study of compressibility phenomena 
was initiated because of difficulties in propeller design, 
V/hile marked gains have been made, the propeller still 
offers the. most serious compressibility problem. The 
speed of the propeller is alx^ays appreciably greater than 
the speed of the airplane because of the rotational com- 
ponent. Further, because of structural a.nd vibration 
problems that have been encountered, the blade -sec t ion 
thickness ratios, particularly inboard, have been very 
great and as a consequence have lov/ critical speeds. In- 
itially, the compressibility problem with propellers, v/as 
associated v/ith the tip portions only, but, because of 
recent and contemplated increases in airplane speeds, 
practically the entire propeller is affected. Some pro- 
pellers, having exposed cylindrical blade shanks, offer 
difficulties at speeds slightly over 300 miles per hour. 

One pursuit airplane investigated some time ago in 
the full-scale tunnel showed possibilities of attaining a 
speed approaching 400 miles per hour at altitude, provided 
reasonable propeller efficiency could be obtained. An 
examination of the propeller provided with the airplane at 
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conditions of 400 miles per hour at 20,000 feet indicated 
that serious difficulty might "be encountered. The "blade- 
section speeds and the "blade-section critical speeds are 
shown in figure 17o At this airplane speed and altitude, 
adverse compressilDility effects exist over the entire 
"blade* The likely efficiency is pro"blemat ical hut cannot 
he placed very high. Study of the pro'blem in the light 
of nev7 "blade sections available (reference 16) indicates 
that with relatively small changes the propeller can "be 
made to opera.te with normal ef f iciencies • The changes 
involve'the use of cuffs having new late compress i"bility- 
type sections extending from the spinner to approximately 
45 percent of the radius. The blade-section thickness 
ratio, after the installation of cuffs, is 25 percent. 
An increase in blade solidity over the outboard portions 
of approximately 14 percent to decrease the lift coeffi- 
cient and the thickness ratio, and the use of the cuffs 
inboa^rd permits sufficient gain in critical speed, as 
shov/n by the upper curve, to eliminate adverse compres- 
sibility effects except for the tip sections. A lov/er 
gear ratio and somev^hat higher solidity a,re indicated. 

B'or this particular design the blade efficiency can 
be maintained by slight changes. V/ith further increase 
in speed and altitude, however, the problem becomes acute 
An examination of the general type of propeller that may 
be required at speeds of 500 miles per hour and 25,000 
feet is interesting. The curve shov/n on figure 18 gives 
the blade section speeds if it is assumed that the 2800 
engine with the 0.4 gear ratio and an 11-i-foot diameter 
propeller are u.sed. The points shov/n on the curve indi- 
cate the critical speeds of the sections that would be 
selected. The blade sections assumed are the late criti- 
cal-speed type. The lift coefficient assumed is 0.3 at 
the 0.7 radius, and this is decreased toward the tip and 
the root. The blade-section thickness ratios vary from 
0.04 outboard to 0.12 at the 0.4 radius. At these lift 
coefficients extreme solidities are required to absorb 
the povfer. The necessary blade plan form, with a three- 
blade propeller, is shovm on the figure. Of course, if 
more blades are chosen, the blade width will decrease. 
It is important to realize, however, that neither the 
thickness ratio nor the lift coefficient can be increased 
because the critical sjpeed would be exceeded- 

The blade, as shov/n, has approximately three times 
normal blade widths. If a six-blade counterro tat ing pro- 
peller v/ere to be used, the blade widths would, of course 



16 



be reduced accordingly, "but the same "blade-section thick- 
ness ratios and lift coefficients v/onld "be required in 
order to avoid compressibility losses. Thus, a suitable 
propeller would be a count err otat ing six-blade propeller, 
having blades each approximately 1^ normal solidity and 
thickness ratios of one-half to three-quarters those now 
in use. 

In the design of propellers for such high speeds and 
altitudes, clearance on critical speed is the primary con- 
dition. As pointed out above, low lift coefficients are 
necessary. An important consequence of the lovj lift coef- 
ficients v;ith high solidity is improved efficiency in the 
take-off and climb conditions. The lov/ operating lift 
coefficients at high speed effectively increase the useful 
angle of attack or blade-angle range and a wider range of 
V/ nD between the high-speed condition and maximum thrust 
coefficient is obtained. Thus, development of v/ider 
blades offers gains both in high speed and in take-off and 
climb. 

Fl ight ex'oerience . - The general nature of the com- 
pressibility phenomena has been disclosed entirely by 
v;ind-tunnel research. The phenomena, as found are in 
agreement with general fundamental concepts. Neverthe- 
less, questions have arisen as to the validity of the 
general results in flight and these questions appear to 
be based on pilot reports. Admittedly, there may be some 
tunnel-wall effects, but, so far as the general nature of 
the phenomena is concerned, these effects are quite likely 
of second-order importance. Some authentic flight-test 
data have been obtained. The existence of compression 
shock with the consequent drag rise was found and, in 
general, the nature of the compressibility burble as 
shov/n by the wind-tunnel research was shovm by the flight- 
test results. 

i'igure 19 illustrates the general nature of the flow 
as shown by pressure-distribution measurements in flight 
and in the v/ind tunnel. Exact correlation is, of course, 
not to be expected because airfoil sections differ, and, 
furthermore, the flight-test data are not for a unique 
value of the Mach number but rather are averages for the 
range of Mach numbers shown on each plot. The general 
rise in pressures with increasing Mach number is evident, 
as is the shock which is shown by the discont iniii ty in 
the pressure-distribution curves. It is clear that the 
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phenomena a-s found in flight are in excellent agreement 
with the prior v/ind- tunnel research, 

Langley Memorial Aeronautical Laho ra/b ory , 

National Advisory Committee for Aeronautics, 
Langley ITield, Va* 
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Figure 2.- Schlieren photograph of NACA 0012 

airfoil of 2-inch chord. 
Incipient stage of shock formation. NACA 20-by 
4-inch high-speed wind timnel; Mach nximber, 
0,764. 



Figure 3.- Schlieren photograph of NACA 0012 

airfoil of 2-inch chord. 
Shock front established and drag rising sharp- 
ly. NACA 20-by 4-inch high-speed wind tunnel; 
Mach number, 0.835. 



Figure 4.- Schlieren photograph of NACA 0012 

airfoil of 2-inch chord. 
Drag coefficients many times the ikw-speed val- 
ues; flow unsteady. NACA 20-by 4-inch high- 
speed wind tunnel; Mach number, 0.893 • 



Figure 5.- Schlieren photograph of NACA 0012 

airfoil of 2-inch chord* 
Flow reasonably steady; drag coefficient may 
have reached peak value. NACA 20-by ^-inch high- 
speed wind tunnel; Mach number, 0.895- 
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l^igure 6.- "Effect of ^'ach number 

on drag coeffioient. 
NACA 16-series airfoils of 5-inch 
chord; NACA 24- inch high-speed 
wind tunnel; ajO*^. 
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Figure 7.- Effect of Reynolds 

number and Mach 
number on maximum lift coef- 
ficient. NACA 0012 airfoil- 
19-foot pressure tunnel* 
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Figure 8.- Drag of circular cylinders. 
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Figs. 9,10 
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Figure 9.- Effect of critical Mach number 

on pressure coefficients for 
incompressible flow. Curve based on von Karman 
derivation by hodograph method. 
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Figure 10.- Effect of Mach number on 

pressure coefficients. 
Data from figure .12 of NACA report No. 646; 
from upper surface of NACA 4412 airfoil 
at a = -2° in NACA 24-inch high-speed 
wind tunnel. 
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Figure 11.- Airfoil critical speeds. 



-y. 24" chord- d'/-/5T- Reynolds number varied by 

changing speed 
- o 5" chord- VOT- Moch number = 0.06 Reynoids number - 
varied by changing pressure 
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Figure 13.- Effect of Mach number on drag coefficient for two wing- fuselage 
combinations. Data from reference 15. 



NAG A high-speed cowling 
( reference 13 ) 



NACA cowling C 
(reference 12) 



Early cowling form 



aOO ^00 600 

Crificol speed of £5,000 ft mph 

Figure 14»- Cowling development. 
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Figure 15.- 
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Meredith 
effect. 
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Figure 17.- Critical propeller speeds. 
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Figure 18.- High-speed propeller. 
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(a) 24-inch high-speed; NAOA 4412 airfoil. 

(b) Flight xr2A-2 airplane dive tests; HAOA 23014 airfoil. 
Figure 19.- Oomparieon of preeeure-dietributlon diagrams measured in a4-inch high-speed 

tunnel and flight dive tests at high speeds. 
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